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The Three-Dimensional Structure
of the Human NK Cell Receptor NKp44,
a Triggering Partner in Natural Cytotoxicity
Introduction
Natural killer (NK) cells provide a first line of defense
of the immune system against transformed or virally
infected cells (Biron, 1997; Trinchieri, 1989). In humans,
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Via Dodecaneso 33 NKG2A, a type II transmembrane protein belonging to
the C-type lectin superfamily (Braud et al., 1998; Carre-16146 Genova
Italy tero et al., 1997; Lee et al., 1998). A structural feature
common to all inhibitory receptors is the presence of
immunoreceptor tyrosine-based inhibitory motifs (ITIM)
in their cytoplasmic domains (Bolland and Ravetch,Summary
1999; Wagtmann et al., 1995). Upon specific ligand rec-
ognition, ITIMs are tyrosine phosphorylated and recruitNatural killer (NK) cells direct cytotoxicity against tu-
specific type-2 Src homology domain (SH2)-containingmor or virally infected cells. NK cell activation depends
phosphatases (SHP-1 and SHP-2); these, in turn, areon a fine balance between inhibitory and activating
essential for delivering inhibitory signals blocking NKreceptors. NKp44 is a cytotoxicity activating receptor
cell-mediated cytotoxicity (Campbell et al., 1998; Olcesecomposed of one Ig-like extracellular domain, a trans-
et al., 1997).membrane segment, and a cytoplasmic domain. The
The NK cell-triggering receptors involved in NK cell-2.2 A˚ crystal structure shows that the NKp44 Ig domain
mediated cytotoxicity have long remained unknown.forms a saddle-shaped dimer, where a charged sur-
Only in recent years has it been shown that activation offace groove protrudes from the core structure in each
natural cytotoxicity is largely dependent on three novel
subunit. NKp44 Ig domain disulfide bridge topology
triggering receptors, NKp46, NKp44, and NKp30, collec-
defines a new Ig structural subfamily. The data pre-
tively termed natural cytotoxicity receptors (NCR; Bias-
sented are a first step toward understanding the mo-
soni et al., 2000, 2001; Moretta et al., 2000, 2001). NCRs
lecular basis for ligand recognition by natural cytotox-
are deemed able to recognize still uncharacterized cellu-
icity receptors, whose key role in the immune system is lar ligands on the surface of tumor cells, thus being
established, but whose cellular ligands are still elusive. involved in their killing. These receptors, whose expres-
sion is strictly confined to NK cells, are type I transmem-
brane proteins belonging to the Ig superfamily. Both*Correspondence: domenico@ge.infm.it
9These authors contributed equally to this work. resting and activated NK cells express NKp46 and
Structure
726
NKp30, whereas NKp44 is selectively expressed by acti- Table 1. X-Ray Data Collection, Phasing, and Refinement
Statisticsvated NK cells (Cantoni et al., 1999a; Pessino et al.,
1998). Notably, the IL-2-activated NK cells display an Data Collection Statistics Native Crystals Se-Met Crystals
augmented cytotoxicity against tumor cells (Ferrini et
Source ID14-2, ESRF BM30A, ESRFal., 1987); the de novo expression of NKp44 receptor,
Wavelength (A˚) 0.934 0.979
and the NKp44-mediated triggering pathway following Resolution (A˚) 2.21 2.54
IL-2 activation, may be responsible for such increased Space group P6222 P6222
cytolytic activity (Vitale et al., 1998). Mosaicity () 0.39 0.45
Number of observations 353,554 188,581NKp44 consists of an extracellular region of 168 amino
Unique reflections 11,487 7,587acids (aa), a cytoplasmic domain (63 aa), and a membrane-
Data completeness (%)a 99.6 (96.8) 93.3 (83.5)spanning segment (25 aa). The extracellular Ig domain
I/(I)a 23.6 (5.7) 7.9 (1.5)
shows sequence similarity to members of the Ig super- Rmerge (%)a 7.4 (52.3) 6.9 (49.7)
family (Cantoni et al., 1999a) and displays the typical
Refinement Statisticssignature of a V-type Ig domain (Williams and Barclay,
Nonhydrogen protein atoms 8631988). The Ig domain and the transmembrane segment
Water molecules 117
are connected by a 55 amino acid linker peptide hosting Rcryst (%) 23.9
13 predicted O-glycosylation sites and a single putative Rfree (%) 24.5
Rmsd from idealN-glycosylation site. Most likely, the glycosylation of the
Bond lengths (A˚) 0.018linker peptide is responsible for the difference between
Angles () 1.86the apparent molecular mass of NKp44 (44 kDa) and
Average B factorthat calculated for the bare polypeptide chain (29 kDa).
Main chain atoms A˚2 35.0
The transmembrane segment is characterized by the Side chain atoms A˚2 36.9
unusual presence of a Lys residue, likely involved in the
a Values in parentheses correspond to the highest resolution shellassociation of NKp44 with the signal transducing DAP12
(native: 2.24–2.21 A˚; Se-Met: 2.59–2.54 A˚).
protein, bearing the immunoreceptor tyrosine-based ac-
tivating motif (ITAM) (Lanier et al., 1998; Olcese et al.,
1997) via formation of a membrane-embedded salt
however, be modeled in spite of the rather high tempera-bridge with an Asp residue located in the transmem-
ture factors in this loop (average B factor, 67 A˚2). Thebrane portion of DAP12. This small protein (12 kDa)
model stereochemistry is close to ideal (Table 1), withappears to be required for NKp44 surface expression,
105 amino acids found in the allowed regions, and 3and is involved in the transduction of the activating sig-
residues (Trp59, Thr60, and Ser61) in the generouslynal. In fact, DAP12 becomes tyrosine phosphorylated
allowed regions of the Ramachandran plot (Laskowskiupon monoclonal antibody-mediated crosslinking of
et al., 1993).NKp44 (Cantoni et al., 1999a).
As predicted by sequence analysis, the overall struc-Understanding the molecular basis of NKp44-medi-
ture of the extracellular NKp44 N-terminal Ig domainated NK cell activation is a major step in the comprehen-
displays the immunoglobulin three-dimensional foldsion of natural cytotoxicity and the related recognition
(Figure 1A). Eight  strands are assembled in a  sand-processes allowing discrimination between normal and
wich consisting of two antiparallel  sheets (Figure 1B),transformed cells. In this context, we report here the
formed by strands DEB and AGFCC, respectively, as2.2 A˚ crystal structure of the human NKp44 Ig domain.
defined by the standard Ig nomenclature (Williams andThe study sheds first light on the structural principles
Barclay, 1988). The 5 residues defining the V-type Igallowing identification of receptors within the NCR fam-
subfamily signature are: Cys22 and Cys91 (found inily, pointing at the structural features that may determine
strands B and F, respectively), structurally linked by arecognition of the still elusive NKp44 molecular ligands.
disulfide bridge, Arg62 and Asp85, mutually involved in
a hydrogen-bonded salt bridge, and Trp36, buried in the
core of the Ig domain and establishing extensive vanResults
der Waals contacts with the surrounding hydrophobic
residues. The NKp44 Ig domain contains an additionalStructure of NKp44 Ig Domain
The crystal structure of the N-terminal Ig domain of disulfide bridge, connecting residues Cys37 and Cys45
(Figure 1B). The disulfide stabilizes the 33–51  hairpin,NKp44 was solved with single anomalous dispersion
(SAD) techniques using the anomalous signal of two Se- built by  strands C and C and by the intervening loop
(referred to as the C-C  hairpin). The 37-45 disulfideMet residues. The three-dimensional structure of the
protein was refined against 2.2 A˚ resolution X-ray dif- bridge has not been observed before in structurally char-
acterized Ig domains, and therefore it represents a spe-fraction data, collected on a native (S-Met) protein crys-
tal to crystallographic and free R factors of 23.9% and cific structural signature defining a novel Ig subfamily.
The two hairpins C-C and F-G, the second spanning24.5%, respectively (Table 1). The final model contains
one protein molecule (108 amino acids) and 117 water residues 87–112, protrude from the elongated ellipsoidal
shape of the Ig domain  sandwich, resulting in themolecules in the crystallographic asymmetric unit. The
N-terminal His tag, and the first 4 and last 2 residues, formation of a prominent groove at the protein surface
about 15 A˚ long, 7 A˚ wide, and 8 A˚ deep (Figure 1C).not defined by the electron density, are not included in
the refined model. Additionally, the electron density is The NKp44 Ig domain has an overall formal charge of5
at neutrality, and displays a markedly asymmetrical sur-weakly defined for amino acids 58–61, which could,
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Figure 1. Stereo View of the Three-Dimen-
sional Structure of the NKp44 Ig Domain
(A) C trace.
(B) Ribbon representation of the protein. 
strands are labeled according to standard Ig
nomenclature (Williams and Barclay, 1988).
The CC and FG  hairpins, with the CC and
FG loops shown in red on the right-hand side
of the molecule, define the surface groove.
Cys residues, in yellow, are represented as
balls and sticks; disulfide bonds are depicted
in green.
(C) van der Waals surface, colored according
to the calculated electrostatic potential (Ni-
cholls and Honig, 1991), color coded in the
range of 8 kT/e (dark blue) through –8 kT/e
(dark red). The model structure is rotated by
90 about the vertical axis, relative to (A), to
highlight the location and extension of the
positively charged surface groove. Figures
were drawn using MOLSCRIPT, Raster3D,
and GRASP (Kraulis, 1991; Merrit and Mur-
phy, 1994; Nicholls and Honig, 1991).
face charge distribution. In particular, 4 basic residues, patch inside the groove (Figure 1C), likely conferring
anionic binding specificity to this region. The molecularArg47, His88, Arg92, and Arg106, are lining the inner
groove surface. Such residue distribution results in a surface on the opposite side of the Ig domain sandwich
is instead depleted of charged residues, and is ratherpositive electrostatic field emanating from an elongated
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domain association found in IgG molecules, which is
based on the B, C, and D  strands.
As a result of the quaternary structure observed in
the crystal, the NKp44 Ig domain proposed dimer is
about 30 A˚ 	 35 A˚ 	 65 A˚, showing the overall shape
of a saddle (Figure 2) whose center is the association
interface. In such an assembly, the positively charged
surface grooves fall on opposite (external) sides of the
assembled dimer. It must be noted, however, that the
presence of a dimeric species could not be identified
in control gel filtration, nor through light scattering ex-
periments carried over at 1 mg/ml protein concentration
(data not shown), suggesting that if a dimeric species
occurs in solution, this may be highly labile reflecting aFigure 2. Dimeric Assembly of the NKp44 Ig Domain Observed in
concentration-dependent equilibrium.the Crystal Structure
One of the two protein subunits is displayed as a molecular surface,
the other as a worm representation. The crystallographic 2-fold axis
Structural Comparison with Ig-like Domainsrelating the two subunits is vertical in the picture. The patches of
Automated structural comparison against the PDB data-positively charged residue are 45 A˚ apart, on opposite sides of the
dimer. base (Holm and Sander, 1993) shows that the NKp44 Ig
domain displays close structural similarity to Ig domains
of T cell surface molecules (9 of the 17 highest scoring
structures are found on T cells). Among the close struc-flat in shape. The 37-45 disulfide bridge together with
the positively charged surface groove are two of the tural homologs, the V domain of the murine / T cell
receptor  chain (TCR; Garcia et al., 1996) displays anmain innovative structural features of the NKp44 Ig do-
main, which, as a whole, conform to the known structural rmsd of 2.1 A˚ relative to the NKp44 domain (calculated
over 102 C atom pairs; Figure 3A), in spite of the poorsignatures of Ig domains (Natarajan et al., 2002; Williams
and Barclay, 1988). Therefore, for the sake of brevity, sequence similarity (15% identical residues; Figure 4).
TCR molecules associate in functional dimers. However,further fine structural details within the NKp44 Ig domain
are not discussed here. as anticipated above, their quaternary assembly is dis-
tinct from that found for the NKp44 Ig domain and in-In the crystal lattice, each NKp44 Ig domain estab-
lishes intermolecular packing contacts with five symme- volves the region occupied by the charged groove in
NKp44. Also, the  chain of the human T cell markertry-related molecules. Four of the crystal packing con-
tacts involve interface regions of limited extension. The CD8 (Leahy et al., 1992) is closely related to the NKp44
Ig domain (rmsd 2.6 A˚ over 114 C atom pairs; overallfifth intermolecular contact, on the contrary, involves
strands A and B, for a molecular interface of about sequence identity, 22%; Figures 3B and 4). In particular,
the C-C and F-G  hairpins in CD8 are structurally very660 A˚2 on each NKp44 Ig domain, and is characterized
by good surface/structure complementarity of the two similar to those of NKp44 (rmsd of 0.8 A˚ and 1.2 A˚ over
14 and 13 C atom pairs, respectively). In CD8, however,contacting monomers (shape correlation index Sc, 0.67;
Lawrence and Colman, 1993). The contact recruits the the groove region is depleted of charged residues and,
similar to TCR, is part of the dimer association interface.protein region previously described as depleted of
charged residues, on the molecular side opposite to The above observations suggest that the novel dimeric
association observed in NKp44, relative to TCR andthe charged groove (Figure 2). In this area the dimeric
protein-protein association is stabilized by eight hydro- CD8, can be dictated by the presence of four basic
residues lining the inner part of the surface groove. Ingen bonds (two main chain-to-main chain, four main
chain-to-side chain, and two side chain-to-side chain). fact, the ensuing positive electrostatic field prevents
dimer association through this interface due to repulsiveFurthermore, six interface ordered water molecules es-
tablish bridging hydrogen bonds between the two con- interactions between positively charged residues in the
two facing monomers, thus favoring assembly at thetacting NKp44 Ig domains.
The size and mainly hydrophobic nature of the subunit opposing face of the  sandwich, which is composed
by uncharged residues.interface residues, and the presence of several intermo-
lecular interactions including six main chain hydrogen The NKp44 Ig domain also displays structural and
sequence similarity to the N-terminal Ig domain of sialo-bonds, suggest that the ensuing dimeric structure may
represent a viable aggregation state of the NKp44 Ig adhesin, which has been crystallized in complex with
sialyllactose (rmsd 2.4 A˚ over 97 amino acids; 21% iden-domain, which displays exact 2-fold (crystallographic)
symmetry in the hexagonal crystal form examined here. tical residues; Figures 3C and 4; May et al., 1998). Sialo-
adhesins are cell adhesion proteins that mediate cell-However, for comparison, it should be considered that
other dimeric assemblies in the Ig superfamily, such as to-cell interaction through binding of specific sialylated
glycoconjugates (Nath et al., 1996). It is worth noting thatthat found in the / T cell receptor or in the human
T cell glycoprotein CD8 (Garcia et al., 1996; Leahy et al., in sialoadhesin two  hairpins define a surface groove,
structurally similar to that defined by the NKp44 Ig do-1992), adopt different quaternary structures and display
larger contact areas (about 990 A˚2 and 930 A˚2, respec- main C-C and F-G  hairpins (Figure 3C), where sialyl-
lactose is productively bound. Although residues form-tively; see also below). The proposed quaternary NKp44
assembly differs also from that observed in the Ig C-type ing the surface of the groove in the NKp44 Ig domain
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are not generally conserved in sialoadhesin, Arg97, cru-
cial for sialic acid binding in the latter protein, has a
structural counterpart in NKp44 Arg92 (Figure 4). Never-
theless, no experimental evidence has been obtained
so far for sialic acid binding to the NKp44 Ig domain
in soaking experiments carried out on native protein
crystals. It should be considered, however, that about
40 distinct molecular variants of sialic acid are known
in nature, and that NKp44 specificity may be narrow or
involve sialic acid-containing oligosaccharides, making
natural ligands difficult to discover in a random search.
The NKp44 Ig Subfamily in the Human Genome
It has previously been shown that the NKp44 Ig domain
displays significant sequence similarity to the poly-Ig
receptor, the CMRF-35 protein, and the IRp60 inhibitory
receptor (25%, 29%, and 27% sequence identity, re-
spectively; Cantoni et al., 1999a; Krajci et al., 1991). A
more detailed and updated analysis on genomic data-
bases shows that the NKp44 Ig domain displays se-
quence similarity to other Ig-like proteins containing a
Cys pair topologically located as the NKp44 second
disulfide bridge (Cys37-Cys45). In particular, nine genes
coding for proteins related to the NKp44 Ig domain are
found in the human genome (notably, no NKp44 ortholog
is found in the mouse genome). The encoded proteins,
with the exception of the poly-Ig receptor, contain a
single NKp44 Ig-like domain. The poly-Ig receptor, in-
stead, contains four NKp44 Ig-like domains, referred to
as PIgR-1 to PIgR-4 according to their occurrence along
the amino acid sequence (Krajci et al., 1991), with se-
quences widely divergent from each other and from
other members of the NKp44 Ig subfamily. The multiple
sequence alignment of the identified NKp44 Ig-like do-
mains (Figure 4) allows us to draw the neighbor-joining
tree for this Ig domain subfamily (Figure 5). As a conse-
quence of the weak sequence similarity relating mem-
bers of this subfamily, showing as few as 18% identical
residues (PIgR-1 vs. PIgR-4), bootstrap validation indi-
cates that the detailed tree structure may not be statisti-
cally reliable, especially in its deep branching. Never-
theless, the tree is useful to gain an overview of the
sequence similarity among members of this Ig subfam-
ily, which may point to conserved features or functions.
In humans, all members of this novel Ig subfamily
are type I transmembrane proteins (Figure 5) displaying
three distinct domain architectures, which may reflect
distinct functional roles. NKp44 belongs to a structural
subclass composed also by proteins TREM-2, XP_064214,
and AAH28091, characterized by the presence of a Lys
residue approximately at the center of the predicted trans-
membrane segment, and by a small cytoplasmic domain
(up to 30 amino acids) without ITIM motifs (it should be
noted, however, that one of the three known NKp44
isoforms, resulting from alternative splicing [NKp44/
Figure 3. Superposition of NKp44 Ig Domain with the Closest Struc- AJ225109 vs. NKp44RG1/AJ010099 and NKp44RG2/
tural Homologs
AJ010100], contains a single, nonfunctional, ITIM motif).
TCR chain (A), CD8 (B), and N-terminal sialoadhesin (C) Ig domains.
TREM-2 (GenBank accession number NM_018965),NKp44 is shown in gray, with the CC and FG loops shown in red
identified by sequence homology with the previouslyas in Figure 1; TCR, CD8, and sialoadhesin are shown in green, pink,
isolated NKp44 cDNA, has been described as a trig-and blue, respectively. In all three drawings, the orientation of the
NKp44 Ig domain is the same as in Figure 1. Optimal superposition gering receptor molecule expressed on myeloid cells
was performed using the program HOMOMGRPA (Rossmann and (Bouchon et al., 2000). Notably, a second triggering re-
Argos, 1976). ceptor, TREM-1, characterized together with TREM-2,
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Figure 4. Multiple Amino Acid Sequence Alignment of the NKp44 Ig-like Domain Subfamily Members as Found in the Human Genome
The structurally similar Ig domains of TCR, CD8, and sialoadhesin (PDB ID codes 1TCR, 1CD8, and 1QFO, respectively) are shown. Residues in
 strand conformation are highlighted in yellow. Sequence alignment of the four Ig structures is based on their optimal structural superpositions.
Conventional  strand labeling is shown on the first line, as defined by Williams and Barclay (1988). The first 4 and the last 2 residues of
NKp44, not included in the three-dimensional model, are shown in lower case. The multiple sequence alignment of the NKp44 Ig-like domain
subfamily was generated with the program CLUSTALX (Thomson et al., 1997). Residues defining the V-type Ig domain and the second disulfide
bridge of the NKp44 Ig-like domain are shown in red.
does not contain the second Cys-Cys signature. TREM- These considerations suggest a similar interaction also
for the other two members of the NKp44 Ig subfamily2V (AB78736) is identical to TREM-2 in the first 162
amino acids (including the NKp44 Ig-like domain) but still lacking functional characterization but sharing the
same domain organization, AAH28091 and XP_064214.misses the transmembrane and cytoplasmic domains,
likely due to alternative splicing. In NKp44, the trans- The same domain composition of NKp44 is also ob-
served in the CMRF-35 receptor (Jackson et al., 1992).membrane segment Lys residue is known to promote
association with the adaptor molecule DAP12 in NK cells The transmembrane domain of this protein, however,
contains an acidic residue (Glu; Figure 5), which sug-(Cantoni et al., 1999a). Although direct experimental evi-
dence of TREM-2/DAP12 association in humans is still gests membrane-mediated association with effector
proteins other than DAP12.missing, such association has been shown for the or-
thologous mouse macrophage activating receptor A distinct receptor assembly is found in the proteins
IRp60, CMRF-35H, and NP_620587 (Figure 5). TheseTREM-2A (Daws et al., 2001). Notably, in both cases,
the experimentally induced lack of DAP12 expression receptors contain a transmembrane segment lacking
charged residues and a rather large cytoplasmic domainresulted in the absence of NKp44 or TREM-2A cell sur-
face expression. From a structural viewpoint, the pres- (100 aa) hosting two or three ITIM motifs. IRp60 inhibi-
tory function has been proven, as mAb-mediated cross-ence of a membrane-embedded salt bridge should com-
pensate for the high free energy cost required to keep linking of the receptor induces Tyr phosphorylation of
ITIM motifs and association with SHP-1 and SHP-2a charged residue (Lys in NKp44 and TREM-2, and Glu in
DAP12) inside the membrane hydrophobic environment. phosphatases (Cantoni et al., 1999b). As shown by the
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Figure 5. Neighbor-Joining Tree Representing the NKp44 Ig Subfamily
The tree was generated from the multiple sequence alignment of the NKp44 Ig-like domain of the family members as obtained by CLUSTALX
(Thomson et al., 1997; correction for multiple substitution was adopted), and displayed with programs of the PHYLIP package (Felsenstein,
1989). On the right, the domain organization of each protein is also represented, together with the detected ITIM motifs ([L/I/V]xYxx[L/V]) and
the membrane-embedded charged residues (K/E, if present) located in the (putative) transmembrane segments. NKp44 Ig-like domains are
displayed as green boxes. The C2-type Ig domain found in the poly-Ig receptor is not shown for clarity. Because the poly-Ig receptor contains
four NKp44 Ig-like domains, a 4-fold domain repeat is reported in the figure, each time with the proper Ig domain highlighted in dark green
relative to the other three (light green). For completeness, the nonfunctional ITIM motif found in one of the three NKp44 isoforms is also shown
(in orange). Red codes in the proximity of the stylized membrane (gray vertical bar) report the chromosomal locations.
multiple sequence alignment (Figure 4), the sequences NKp44 Ig subfamily (Figure 5). The sequence of PIgR-1,
instead, is closely related to the N-terminal domain ofof the IRp60 and CMRF-35H Ig domains are almost iden-
tical (98% identical residues), and may represent allelic the Fc /
 receptor (45% identical residues over 117
alignment positions).isoforms. With respect to the above considerations, it
should be noted that NKp44 and TREM-2 genes map
on human chromosome 6p21.1, while six of the genes Biological Implications
The crystallographic analysis reported here shows thatshown in Figure 5 (including IRp60, CMRF-35H, and
CMRF35) map on human chromosome 17q25.2. a prominent structural feature of the NKp44 Ig domain
is a surface groove formed by two facing  hairpin loopsA third domain organization is found in the poly-Ig
and Fc /
 receptors. These proteins, both encoded by (C-C and F-G, involving residues 33–51 and 87–112,
respectively) extending from the Ig fold core. Althoughgenes mapping on chromosome 1, contain a rather large
extracellular domain (70 kDa and 41 kDa, respectively), a similar groove structure is found also in the Ig domains
of the T cell receptor and CD8 and in the N-terminala transmembrane hydrophobic segment, and a cyto-
plasmic domain without ITIM motifs (Figure 5). Both domain of sialoadhesin, in NKp44 the conformation of
the C-C  hairpin is stabilized by a disulfide bridgereceptors are involved in binding and translocation of
IgA/IgM molecules (Shibuya et al., 2000). In the human (Cys37-Cys45), which is observed at this topological
location for the first time within the Ig superfamily. Differ-poly-Ig receptor, the amino acid sequences of the
PIgR-2, PIgR-3, and PIgR-4 domains are widely diver- ent from the other Ig domains mentioned above, the
NKp44 Ig domain displays a peculiar (approximately lin-gent from each other and from other members of the
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Ni-NTA agarose (Qiagen). Gel filtration chromatography, using aear) arrangement of positively charged residues at the
HiPrep Sephacryl S-100 column (Pharmacia Biotech) was employedprotein groove surface. The solvent accessibility of the
for the final purification step. The complete Se-Met incorporationgroove, and the associated positive electrostatic field,
ratio was assessed by mass spectrometry.
are suggestive of an extended binding site, designed to
host anionic ligands. The recent observation that NKp44 Crystal Growth, Data Collection, and Processing
is able to bind influenza virus hemagglutinin and Sendai For crystallization purposes, the NKp44 Ig domain, expressed as a
recombinant protein with the 6	His tag (at the N terminus), wasvirus hemagglutinin-neuraminidase in the presence of
brought to a concentration of 9.6 mg ml1. Optimal crystal growthsialic acid (Arnon et al., 2001), together with the struc-
conditions were obtained with the hanging drop setup, after equili-tural similarity to the sialoadhesin N-terminal domain,
bration against a reservoir solution containing 30% (v/v) PEG 400,
which binds sialyllactose in the structurally related 0.1 M ammonium acetate, and 0.1 M sodium acetate (pH 5.0), at
groove region (May et al., 1998), may hint at a compara- 278 K. A native data set was collected at the ID14-2 beamline, ESRF
ble role for the NKp44 surface groove. Indeed, from the (Grenoble, France), on native crystals, to a resolution limit of 2.21 A˚.
Crystals belong to the hexagonal space group P6222, with unit cellstructural viewpoint, the groove is wide enough to host
constants a  b  60.4 A˚, c  197.2 A˚,   120. For structurea sialic acid molecule or an elongated ligand such as a
determination, the Se-Met NKp44 Ig domain was also crystallized.small oligosaccharide.
Crystals of optimal size were obtained with the hanging drop setup
The almost complete annotation of the human ge- (protein concentration, 10.0 mg ml1) after a 1 month equilibration
nome provides a rather broad view of the NKp44 Ig- against a reservoir solution containing 35% (v/v) PEG 400, 0.2 M
like subfamily. In spite of the weak sequence similarity NaCl, 0.2 M CdCl2, and 0.1 M ammonium acetate (pH 5.2), at 278
K. A data set was collected on a Se-Met crystal at the ESRF beamlinerelating members of this subfamily, both the V-type Ig
BM30A at a wavelength of 0.979 A˚, in order to maximize the Sedomain and the 37-45 disulfide bridge signatures can be
anomalous signal (Table 1). The Se-Met-substituted NKp44 Ig do-recognized in all members, supporting the hypothesis of
main crystals are isomorphous with those of the native (S-Met) pro-
a discrete evolutionary group stemming from a common tein. All data collections were carried out at 100 K, briefly soaking the
ancestral V-type Ig domain gene. The resulting view is crystals in a cryoprotectant solution identical to the crystallization
that, apart from the poly-Ig receptor and the closely mother liquor, but containing 35% (v/v) PEG400. Data were reduced
and scaled with DENZO and SCALEPACK program suites, respec-related Fc /
 receptor, proteins hosting NKp44 Ig-like
tively (Otwinowski, 1993; Otwinowski and Minor, 1997). Further datadomains are involved in either a triggering or an inhibi-
manipulation was carried out using programs of the CCP4 suitetory function in the immune system, depending on the
(CCP4, 1994).
distinct transmembrane and cytoplasmic domain archi-
tecture. Structure Determination and Refinement
In spite of the weak but significant sequence similarity to the extra-
cellular Ig domain of human T cell receptor CD8, molecular replace-Experimental Procedures
ment methods using several search models derived from CD8 failed
to correctly locate the template molecule within the NKp44 Ig do-Expression, Refolding, and Purification
main unit cell. Instead, initial phases were obtained from the dataThe NKp44 Ig domain (nucleotides 393–728; GenBank accession
set collected on Se-Met crystals using the SAD technique as imple-number AJ225109) was expressed as a His-tagged protein using
mented in the SOLVE/RESOLVE package (Terwilliger and Berend-pQE30-NKp44 plasmid and E. coli M15(pREP4) (Qiagen GmbH) as
zen, 1999). Substantial improvement of the phase quality washost strain. NKp44 inclusion bodies were solubilized by denaturation
achieved after density modification, as implemented in the programin guanidine/HCl; the unfolded NKp44 protein was refolded and
DM, and resulted in an interpretable electron density map. Thepurified as previously described (Cantoni et al., 2002). To obtain the
phases obtained were then applied to the native protein data setprotein in the Se-Met-substituted form the conventional methionine
collected at the ESRF beamline ID14-2, and gradually extended frompathway inhibition method, as indicated by Ducruix and Gie´ge´ (Du-
2.54 A˚ to the 2.2 A˚ resolution limit of the native data set, using DM.cruix and Gie´ge´, 1999), was adopted, starting from the clone pre-
A partial model was built with the ARP/wARP program suite (Per-viously used for the native NKp44 Ig domain. Briefly, the bacterial
rakis et al., 1999). The refinement was carried out using CNSpellet obtained from a 1 ml overnight starter culture at 37C in LB
(Bru¨nger et al., 1998); 5% of the data from the 2.2 A˚ data set (561medium was washed, suspended in M9 minimal medium (supple-
reflections) were not included in the refinement, for the calculationmented with 0.4% glucose, 2 mg L1 thiamine, and antibiotics), and
of the free R factor. The initial model was improved by cycles ofused to inoculate 1 L of the same prewarmed medium. At OD600 
simulated annealing in which the resolution was gradually extended0.7, Lys, Phe, and Thr were added to a final concentration of 100
in discrete steps to 2.2 A˚, followed by manual model rebuildingmg L1, Ile, Leu, and Val to a final concentration of 50 mg L1, and
using the program O (Jones et al., 1991). At 2.5 A˚ resolution, singleSe-Met to a final concentration of 60 mg L1. After 20 min of further
B factor refinement was introduced. The quality of the final modelagitation, the culture was induced with 2 mM IPTG for 13 hr. Bacterial
(Table 1) was assessed using the program PROCHECK (Laskowskicell pellets were recovered, resuspended in 100 mM Tris/HCl (pH
et al., 1993).8.0), 2 mM EDTA (pH 8.0), 10 mM DTT, and 0.5 mg/ml lysozyme,
Automated structural comparison was carried out using the DALIand stirred at 4C overnight. Cells were sonicated and washed with
server (Holm and Sander, 1993). Optimal structural superpositionsthe following buffers: 50 mM Tris/HCl (pH 8.0), 0.5% Triton-X 100,
were done using the method of Rossmann and Argos (1976).100 mM NaCl, 1 mM EDTA, and 1 mM DTT; 2 M urea, 2 M NaCl, 50
mM Tris/HCl (pH 8.0), and 10 mM DTT; and 100 mM Tris/HCl (pH 8.0),
2 mM EDTA, and 10 mM DTT. The inclusion bodies were dissolved in Acknowledgments
6 M guanidinium/HCl, 100 mM Tris/HCl (pH 8.0), 10 mM EDTA (pH
8.0), and 0.1 mM DTT for 48 hr, at 4C. Half of the supernatant was We are grateful to Dr. G. Damonte (University of Genova) for per-
forming mass spectrometry analysis and to Gunter Stier (EMBL,slowly added to a solution containing 20 mM Tris/HCl (pH 8.0), 0.5
mM EDTA, 25% glycerol, 3 mM reduced glutathione, and 0.3 mM Heidelberg) for helpful advice on protein overexpression and refold-
ing. The helpful collaboration of Dr. Alessandra Pesce in the finaloxidized glutathione, and left 12 hr undisturbed for refolding. Subse-
quently, the remaining supernatant was added drop by drop to the stage of this research is gratefully acknowledged. Data collection at
ESRF-Grenoble and DESY-Hamburg was supported by EU programprevious solution and left to refold for a further 48 hr. The solution
containing the refolded protein was concentrated and dialyzed Access to Research Infrastructure Action. This research was sup-
ported in part by grants ASI I/R/294/02, CNR target projects Biotec-against 100 mM NaH2PO4 and 10 mM Tris/HCl (pH 8.0). The protein
was purified with immobilized-metal affinity chromatography, using nologie and Genetica Molecolare, Progetto Strategico Min. Salute
Structure of NKp44
733
2002, CNR Functional Genomics, AIRC, and Fondazione Compagnia Felsenstein, J. (1989). PHYLIP—phylogeny inference package (ver-
sion 3.2). Cladistics 5, 164–166.di San Paolo. M.B. is grateful to C.I.N.R.O. for continuous support.
Ferrini, S., Miescher, S., Zocchi, M.R., von Fliedner, V., and Moretta,
A. (1987). Phenotypic and functional characterization of recombi-Received: December 26, 2002
nant interleukin-2 (rIL-2)-induced killer cells: analysis at the popula-Revised: February 12, 2003
tion and the clonal level. J. Immunol. 138, 1297–1302.Accepted: March 20, 2003
Published: June 3, 2003 Garcia, K.C., Degano, M., Stanfield, R.L., Brunmark, A., Jackson,
M.R., Peterson, P.A., Teyton, L., and Wilson, I.A. (1996). An  T cell
receptor structure at 2.5 A˚ and its orientation in the TCR-MHC com-References
plex. Science 274, 209–219.
Arnon, T.I., Lev, M., Katz, G., Chernobrov, Y., Porgador, A., and Garrido, F. (1996). MHC molecules in normal and neoplastic cells.
Mandelboim, O. (2001). Recognition of viral hemagglutinins by Int. J. Cancer 6, 1–10.
NKp44 but not by NKp30. Eur. J. Immunol. 31, 2680–2689. Garrido, F., Ruiz-Cabello, F., Cabrera, T., Perez-Villar, J.J., Lopez-
Biassoni, R., Cantoni, C., Falco, M., Pende, D., Millo, R., Moretta, Botet, M., Duggan-Keen, M., and Stern, P.L. (1997). Implications for
L., Bottino, C., and Moretta, A. (2000). Human natural killer cell immunosurveillance of altered HLA-class I phenotypes in human
activating receptors. Mol. Immunol. 37, 1015–1024. tumours. Immunol. Today 18, 89–95.
Biassoni, R., Cantoni, C., Pende, D., Sivori, S., Parolini, S., Vitale, Holm, L., and Sander, C. (1993). Protein structure comparison by
M., Bottino, C., and Moretta, A. (2001). Human natural killer cell alignment of distance matches. J. Mol. Biol. 233, 123–138.
receptors and co-receptors. Immunol. Rev. 181, 203–214. Jackson, D.G., Hart, D.N., Starling, G., and Bell, J.I. (1992). Molecular
Biron, C.A. (1997). Activation and function of natural killer cell re- cloning of a novel member of the immunoglobulin gene superfamily
sponses during viral infections. Curr. Opin. Immunol. 9, 24–34. homologous to the polymeric immunoglobulin receptor. Eur. J. Im-
munol. 22, 1157–1163.Bolland, S., and Ravetch, J.V. (1999). Inhibitory pathways triggered
by ITIM-containing receptors. Adv. Immunol. 72, 149–177. Jones, T.A., Zou, J.-Y., Cownan, S., and Kjeldgaard, M. (1991). Im-
proved methods for building protein models in electron-densityBouchon, A., Dietrich, J., and Colonna, M. (2000). Cutting edge:
maps and the location of errors in these models. Acta Crystallogr.inflammatory responses can be triggered by TREM-1, a novel recep-
A 47, 110–119.tor expressed on neutrophils and monocytes. J. Immunol. 164, 4991–
4995. Krajci, P., Grzeschik, K.H., Geurts van Kessel, A.H., Olaisen, B.,
and Brandtzaeg, P. (1991). The human transmembrane secretoryBraud, V.M., Allan, D.S.J., O’Callaghan, C.A., Soderstrom, K., D’An-
component (poly-Ig receptor): molecular cloning, restriction frag-drea, A., Ogg, G.S., Lazetic, S., Young, N.T., Bell, J.I., Phillips, J.H.,
ment length polymorphysm and chromosomal sublocalization. Hum.et al. (1998). HLA-E binds to natural killer cell receptors CD94/
Genet. 87, 642–648.NKG2A, B and C. Nature 391, 795–799.
Kraulis, P.J. (1991). MOLSCRIPT: a program to produce both de-Bru¨nger, A.T., Adams, P.D., Clore, G.M., Delano, W.L., Gros, P.,
tailed and schematic plots of protein structures. J. Appl. Crystallogr.Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M.,
24, 946–950.Pannu, N.S., et al. (1998). Crystallography and NMR system: a new
software suite for macromolecular structure determination. Acta Lanier, L.L. (1998). NK cell receptors. Annu. Rev. Immunol. 16,
Crystallogr. D 54, 905–921. 359–393.
Campbell, K.S., Cella, M., Carretero, M., Lopez-Botet, M., and Co- Lanier, L.L., Corliss, B.C., Jun, W., Leong, C., and Phillips, J.H.
lonna, M. (1998). Signaling through human killer cell activating re- (1998). Immunoreceptor DAP12 bearing a tyrosine-based activation
ceptors triggers tyrosine phosphorylation of an associated protein motif is involved in activating NK cells. Nature 391, 703–707.
complex. Eur. J. Immunol. 28, 599–609. Laskowski, R.A., MacArthur, M.W., Moss, D.S., and Thornton, J.M.
Cantoni, C., Bottino, C., Vitale, M., Pessino, A., Augugliaro, R., Ma- (1993). PROCHECK: a program to check the stereochemical quality
laspina, A., Parolini, S., Moretta, L., Moretta, A., and Biassoni, R. of protein structures. J. Appl. Crystallogr. 26, 283–291.
(1999a). NKp44, a triggering receptor involved in tumor cell lysis Lawrence, M.C., and Colman, P.M. (1993). Shape complementarity
by activated human natural killer cells, is a novel member of the at protein/protein interfaces. J. Mol. Biol. 234, 946–950.
immunoglobulin superfamily. J. Exp. Med. 189, 787–795.
Leahy, D.J., Axel, R., and Hendrickson, W.A. (1992). Crystal structure
Cantoni, C., Bottino, C., Augugliaro, R., Morelli, L., Marcenaro, E., of a soluble form of the human T-cell receptor CD8 at 2.6A˚ resolution.
Castriconi, R., Vitale, M., Pende, D., Sivori, S., Millo, R., et al. (1999b). Cell 68, 1145–1162.
Molecular and functional characterization of IRp60, a member of
Lee, N., Llano, M., Carretero, M., Ishitani, A., Navarro, F., Lopez-the immunoglobulin superfamily that functions as an inhibitory re-
Botet, M., and Gherarty, D. (1998). HLA-E is a major ligand for theceptor in human natural killer cells. Eur. J. Immunol. 29, 3148–3159.
natural killer inhibitory receptor CD94/NKG2A. Proc. Natl. Acad. Sci.
Cantoni, C., Ponassi, M., Biassoni, R., Conte, L., Spallarossa, A., USA 95, 5199–5204.
Moretta, A., Moretta, L., Bolognesi, M., and Bordo, D. (2002). Crystal-
Long, E.O. (1999). Regulation of immune responses through inhibi-lization and preliminary crystallographic characterization of the ex-
tory receptors. Annu. Rev. Immunol. 17, 875–904.tracellular Ig domain of human natural killer cell activation receptor
NKp44. Acta Crystallogr. D 58, 1843–1845. May, A.P., Robinson, R.C., Vinson, M., Croker, P.R., and Jones, E.Y.
(1998). Crystal structure of the N-terminal domain of sialoadhesinCarretero, M., Cantoni, C., Bellon, T., Bottino, C., Biassoni, R., Rodri-
in complex with 3 sialyllactose at 1.8 A˚ resolution. Mol. Cell 1,guez, A., Perez-Villar, J.J., Moretta, L., Moretta, A., and Lopez-Botet,
719–728.M. (1997). The CD94 and NKG2-A C-type lectins covalently assemble
to form a natural killer cell inhibitory receptor for HLA class I mole- Merrit, E.A., and Murphy, M.E.P. (1994). Raster3d, a program for
photorealistic molecular graphics. Acta Crystallogr. D 50, 869–873.cules. Eur. J. Immunol. 27, 563–567.
CCP4 (Collaborative Computational Project 4) (1994). The CCP4 Moretta, A., Bottino, C., Vitale, M., Pende, D., Biassoni, R., Mingari,
M.C., and Moretta, L. (1996). Receptors for HLA-class I moleculessuite: programs for protein crystallography. Acta Crystallogr. D 50,
760–763. in human natural killer cells. Annu. Rev. Immunol. 14, 619–648.
Moretta, A., Biassoni, R., Bottino, C., Pende, D., Vitale, M., Poggi,Daws, M.R., Lanier, L.L., Seaman, W.E., and Ryan, J.C. (2001). Clon-
ing and characterization of a novel mouse myeloid DAP12-associ- A., Mingari, M.C., and Moretta, L. (1997). Major histocompatibility
complex class I-specific receptors on human natural killer and Tated receptor family. Eur. J. Immunol. 31, 783–791.
lymphocytes. Immunol. Rev. 155, 105–117.Ducruix, A., and Gie´ge´, R. (1999). Crystallization of Nucleic Acids
and Proteins. A Practical Approach (Oxford: IRL Press). Moretta, A., Biassoni, R., Bottino, C., Mingari, M.C., and Moretta,
Structure
734
L. (2000). Natural cytotoxicity receptors that trigger human NK-medi- Accession Numbers
ated cytolysis. Immunol. Today 21, 228–234.
Atomic coordinates and structure factors of the NKp44 Ig domainMoretta, A., Bottino, C., Vitale, M., Pende, D., Cantoni, C., Mingari,
have been deposited in the Protein Data Bank under ID codes 1hkfM.C., Biassoni, R., and Moretta, L. (2001). Activating receptors and
and r1hkfsf, respectively.coreceptors involved in human natural killer cell-mediated cytolysis.
Annu. Rev. Immunol. 19, 197–223.
Natarajan, K., Dimasi, N., Wang, J., Mariuzza, R.A., and Margulies,
D.H. (2002). Structure function of natural killer cell receptors: multiple
molecular solution to self, nonself discrimination. Annu. Rev. Immu-
nol. 20, 853–885.
Nath, D., van der Merwe, P.A., Kelm, S., Bradfield, P., and Crocker,
P.R. (1996). The amino-terminal immunoglobulin domain of siaload-
hesin contains the sialic acid binding site. Comparison with CD22.
J. Biol. Chem. 270, 26184–26191.
Nicholls, A., and Honig, B. (1991). A rapid finite difference algorithm,
utilizing successive overrelaxation to solve the Poisson Boltzmann
equation. J. Comput. Chem. 12, 435–445.
Olcese, L., Cambiaggi, A., Semenzato, G., Bottino, C., Moretta, A.,
and Vivier, E. (1997). J. Immunol. 158, 5083–5086.
Otwinowski, Z. (1993). Oscillation data reduction program. In Pro-
ceedings of the CCP4 Study Weekend: Data Collection and Pro-
cessing, L. Sawyer, N. Isaacs, and S. Bayley, eds. (Warrington, UK:
SERC Daresbury Laboratory), pp. 56–62.
Otwinowski, Z., and Minor, W. (1997). Processing of X-ray diffraction
data collected in oscillation mode. Methods Enzymol. 276, 307–326.
Pende, D., Biassoni, R., Cantoni, C., Verdiani, S., Falco, M., Di Do-
nato, C., Accame, L., Bottino, C., Moretta, A., and Moretta, L. (1996).
The natural killer cell receptor specific for HLA-A allotypes: a novel
member of the p58/p70 family of inhibitory receptors which is char-
acterized by three Ig-like domains and is expressed as a 140 kD
disulphide-linked dimer. J. Exp. Med. 184, 505–518.
Perrakis, A., Morris, R., and Lamzin, V. (1999). Automated protein
model building combined with iterative structure refinement. Nat.
Struct. Biol. 6, 458–463.
Pessino, A., Sivori, S., Bottino, C., Malaspina, A., Morelli, L., Moretta,
L., Biassoni, R., and Moretta, A. (1998). Molecular cloning of NKp46:
a novel member of the immunoglobulin superfamily involved in trig-
gering of natural cytotoxicity. J. Exp. Med. 188, 953–960.
Ploegh, H.L. (1998). Viral strategies of immune evasion. Science 280,
248–253.
Rossmann, M.G., and Argos, P. (1976). Exploring structural homol-
ogy of proteins. J. Mol. Biol. 105, 75–95.
Shibuya, A., Sakamoto, N., Shimizu, Y., Shibuya, K., Osawa, M.,
Hiroyama, T., Eyre, H.J., Sutherland, G.R., Endo, Y., Fujita, T., et
al. (2000). Fc /
 receptor mediates endocytosis of IgM-coated
microbes. Nat. Immunol. 1, 441–446.
Terwilliger, T.C., and Berendzen, J. (1999). Automated structure so-
lution for MIR and MAD. Acta Crystallogr. D 55, 849–861.
Thomson, J.D., Gibson, T.J., Plewinak, F., Jeanmougin, F., and Hig-
gins, D.G. (1997). The CLUSTALX windows interface: flexible strate-
gies for multiple sequence alignment aided by quality analysis tools.
Nucleic Acids Res. 24, 4876–4882.
Trinchieri, G. (1989). Biology of natural killer cells. Adv. Immunol.
47, 187–376.
Vitale, M., Bottino, C., Sivori, S., Sanseverino, L., Castriconi, R.,
Marcenaro, R., Augugliaro, R., Moretta, L., and Moretta, A. (1998).
NKp44, a novel triggering surface molecule specifically expressed
by activated natural killer cells is involved in non-MHC restricted
tumor cell lysis. J. Exp. Med. 187, 2065–2072.
Wagtmann, N., Biassoni, R., Cantoni, C., Verdiani, S., Malnati, M.,
Vitale, M., Bottino, C., Moretta, L., Moretta, A., and Long, E. (1995).
Molecular clones of the p58 natural killer cell receptor reveal immu-
noglobulin-related molecules with diversity in both the extra- and
intracellular domains. Immunity 2, 439–449.
Williams, A.F., and Barclay, A.N. (1988). The immunoglobulin super-
family-domains for cell surface recognition. Annu. Rev. Immunol. 6,
381–405.
